The spoIIA locus of Bacillus licheniformis was cloned into the phage vector 4105J9; selection was based on the ability of the clone to complement mutations in both the first and the last of the spoIIA genes of B. subtilis. The B . licheniformis DNA was subcloned into M13 and sequenced; it includes three genes of identical lengths to those of B. subtilis. The average interspecies difference in nucleotide sequence is 24%; C occurs at the third position of codons 55% more often in the B. fichenvormis than in the B . subtilis sequence. The average difference in predicted amino acid sequence is 11 %, but the distribution of these differences is far from random, and there are several long stretches of amino acid sequence that are identical in the two organisms. The distribution of non-conservative amino acid changes between the species is also strikingly non-random; no such changes are found in those regions in which missense mutations are known in B. subtilis. Each species has an open reading frame 5' of the spoIIAA gene, but the predicted amino acid sequence, and the distribution of differences between the two species in both nucleotides and predicted amino acids, suggest that these open reading frames are not expressed. Both species have regions 3' of the open reading frames which resemble rhoindependent terminators of transcription, but that in B. licheniformis is longer and could form a more elaborate secondary structure than that in B. subtifis.
INTRODUCTION
The spoIIA region of Bacillus subtilis includes many features of great interest. Mutations in the locus give rise to a variety of phenotypes, but these are not correlated with the genetic positions of the lesions (Errington & Mandelstam, 1983) . Cloning and sequencing showed that the locus includes three genes (Fort & Piggot, 1984) , but one of these, spoIIAB, contains no known mutations. Inspection of the sequence suggests that the first two genes (spoIIAA and spoIIAB) are translationally coupled, but that a third (spoIIAC) is translated independently. An open reading frame occurs to the 5'side of spoIIAA, but it is not known whether this is translated. The predicted amino acid sequence of the spolIAC product shows that this protein is homologous to the family of bacterial sigma factors (Helmann & Chamberlin, 1988) , with a helix-turn-helix region (Pabo & Sauer, 1984) that possesses an unusual specificity (Yudkin, 1987a) . Curiously, the various different phenotypes due to spoIIAC mutations are exactly similar to those produced by mutations in spoIIAA, whose predicted product in no way resembles a sigma factor.
Recent work in this laboratory has included a study of the structure and function of the spoIlA proteins, based largely on mutation and reversion (Yudkin et af., 1985; Yudkin, 19876) . The results have enabled us to focus attention on those regions of the spoIIAA and spoIIAC proteins where mutations give rise to changes in sporulation phenotype, and to propose functions for some of them. As a complement to such mutational studies, we wish to establish which regions of the proteins can be allowed to vary without impairing function. One way to achieve this end Cloning and sequencing of the B . licheniformis spoIIA region To clone the spoIIA region, we made use of the cloning vehicle 4105J9 (Errington, 1984) . B. licheniformis DNA was restricted to completion with BclI, and about 200 ng of digest was ligated to about 500 ng of 4105J9 DNA that had been restricted with BamHI, and transfected into B. subtilis protoplasts as described by Errington (1 984). The pool of recombinant phage was used to lysogenize strain 69.6. Spo+ colonies were selected by the method of Hoch (1971) , and those obtained (about 50) were pooled, grown in broth and induced to lyse by treatment with mitomycin C (0.5 pg ml-I). Cell debris was removed by centrifugation, and the lysate was sterilized by filtration and spotted on to a lawn of strain 69.6. A Spo+ lysogen was purified and used to prepare a stock of recombinant phage, which was named 4105AJSl. This phage proved to be capable of complementing both spoIIA69 and spoIIAl ; since one of these mutations is in spoIIAA and the other in spoIIAC it appeared likely that 4105AJSl carried the whole spoIIA region of B . licheniformis.
After purification of the phage on a CsCl gradient, DNA was obtained by phenol extraction. Restriction mapping showed that it contained an insert of about 3.0 kb; this was trimmed with Hind111 and EcoRV (which removed fragments of DNA that had been shown not to hybridize with a probe of B. subtilis spoIIA DNA). The resulting 2.1 kb of DNA was cloned into pUC13, from which fragments of the insert were subcloned for sequencing in M13.
A diagram of the sequencing procedure is shown in Fig. 1 , and the sequence, all of which was determined on both strands, is given in Fig. 2 and Fig. 5 .
The coding region
The coding strand of the B. IicheniJormis spoIIA region has 23.5% T, 22.4% C, 29.7% A and 24.4% G. The figures for the same region in B. subtilis are 25.3 % T, 18.9% C, 30.8 % A and 25.0% G. The sequence has three open reading frames that correspond exactly to the three spoIIA genes of B. subtilis. The lengths of the predicted polypeptide products -117, 146 and 255 amino acid residues -are identical to those of B. subtilis. Nucleotide differences between the two species amount to 25 %, 21 % and 24% respectively for the three genes. The presumed ribosome-binding sites of both the spoIIAA and the spoIIAC genes have one additional nucleotide in B. lichenformis. The junction between spoIIAA and spoIIAB, the sequence of which strongly suggests translational coupling between these two genes, is identical in the two species.
The predicted polypeptides
Amino acid differences between the species amount to 16%, 1 1 % and 9% respectively for the predicted products of the three genes; the conservation of spoIIAB, in which no mutations are known, is particularly interesting. The commonest amino acid difference at corresponding positions in the two species is between glutamine and lysine, which, we suggest, should be reckoned a conservative change in this system. (There are six such changes, as compared with only two changes between valine and isoleucine.) In each predicted gene product, the distribution of changes in amino acid residue is strikingly non-random. There are five stretches of sequence in which more than 30 consecutive residues are completely conserved, including, in spoIIAC, three stretches of more than 40 consecutive residues. Equally striking is the distribution of non-conservative changes. In spolIAA and spoIIAC, all the non-conservative changes are clustered in those regions in which no missense mutations are known (Fig. 3) , suggesting that the corresponding sections of the proteins can vary to some extent without impairment of their function. This feature is particularly striking for the sigma-like predicted product of the spoIIAC gene; as Fig. 3(c) shows, the non-conservative differences between the two Bacillus species all fall outside those regions of the protein in which the homologies within the family of sigma factors are especially noticeable (Helmann & Chamberlin, 1988) . In the presumed helix-turn-helix region the only difference between the two species is a glutamateaspartate change at position 6 of the motif; the glutamine at position 12 and the very unusual valine at position 13, which are thought to be involved in determining specificity of binding to DNA (Yudkin, 1987a, b) , are conserved.
Despite the strong conservation of amino acid sequence, the distribution of codons used in spoIIA differs markedly for the two species ( Table 1) . The relatively high content of C in the coding strand of B. licheniformis (see above) is almost entirely accounted for by changes at the third position of codons: in B. subtilis 100 (19.3%) of the codons have C at the third position, whereas the corresponding figure for B. licheniformis is 155 (29.9%). (This large difference between the two organisms is not found for all genes, nor even for all spo genes. The recently published sequences for spoOH (Dubnau et al., 1988) show that the coding strand of this gene has 17.7 % C in B. subtilis and 20.3 % in B. licheniformis ; in the former species 2 1 -6 % of spoOH codons CAT T - licheniformis residue is shown (in one-letter code) above the box, the B. subtilis residue below the box. Non-conservative amino acid differences are defined as those that cross the boundaries between the following groups : 1, alanine, serine, threonine ; 2, aspartic acid, glutamic acid, asparagine, glutamine ; 3, isoleucine, leucine, methionine, valine ; 4, arginine, glutamine, lysine. The vertical lines above the boxes mark the positions of missense mutations, taken from the work of Yudkin et al. (1985) , Yudkin (1987b) and M. D. Yudkin (unpublished) . The shaded areas in (c) represent the homologous regions common to bacterial sigma factors (Helmann & Chamberlin, 1988) .
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have C at the third position and in the latter species 25.1 %.) There is one striking difference in the distribution of codons between tho compilation of 6121 B. subtilis codons made by Piggot & Hoch (1985) and those used by the same organism in spoIIA, namely that the glycine codon GGU is remarkably underrepresented here. There are 11 examples of the use of synonymous codons that differ in two nucleotides, eight for leucine and three for arginine. In addition, there are two positions at which codons occur that specify serine, but in which all three nucleotides differ between the two species. It is not obvious how this situation has arisen, since it is impossible for one of these serine-specifying codons to change by single-base-pair substitution to the other without passing through codons that specify other amino acid(s). We speculate that the common ancestor of the two Bacillus species had a different residue at the position now occupied by serine. For example, serine-110 of the spoIIAC protein is specified by AGC in B. licheniformis and by TCA in B. subtilis. Possibly an ancestor had threonine at this position, specified by (say) ACC; this codon could then mutate to ACA (still threonine) and thence to TCA (serine), or in another line of descent directly to the serine codon AGC. The presence of these alternative serine codons strongly suggests that there has been selective pressure in favour of a serine residue at this position (and at position 121 of spoIIAB); it is perhaps pertinent that alteration of the adjacent residue (arginine-111 of the spoIIAC protein) results in a mutant in which sporulation is almost abolished.
The 5' region
An open reading frame runs from the beginning of the sequence that we have determined (see Fig. 2 ), capable of encoding a 55-residue polypeptide. The corresponding region of the B. subtilis sequence could specify a polypeptide that would terminate one residue earlier. We do not know whether these reading frames are expressed, but we think it unlikely. In the first place, their amino acid sequences (Fig. 4) are extremely unusual. Secondly, the distribution of nucleotide differences between the two species is quite unlike that within the other three reading frames Gly GGU 1 2 Gly GGC 11 1 4
Gly GGA 11 7 (shown in Fig. 2 ). In spoIIAA, spoIIAB and spoIIAC, 75% of the nucleotide differences that occur between the two species are found at the third position of codons; but in the region 5' of spoIIAA only 48% are at the third position. As a result, 35% of the amino acid residues that would be encoded by the reading frames differ between the species, as against only 11 % in the rest of the region. Finally, many of these amino acid differences are strikingly non-conservative (see Fig. 4 ). We think that the sequence 5' of spoIIAA may form an open reading frame only by chance, although we note that in B. subtilis the entire upstream region sequenced by Fort & Piggot (1984) represents an open reading frame. We presume that in both species the sequence
GCGTTCCGTTTTTTTGT TTTTTTGT
--------- probably contains the spoIIA promoter together with an upstream AT-rich region like that found 5' of other Bacillus operons (Moran et al., 1982) . Sequences corresponding to canonical -35 and -10 regions are, however, not immediately obvious.
.U -G.C--------U.A--U--G--A.U-U-U-G-U
The 3' region spoIIAC terminates with TGA in B. licheniformis and with TAG in B. subtilis; thereafter the sequences in the two species seem, at first sight, abruptl) to diverge. However, by introducing gaps into the sequences, including a 45-nucleotide gap in the B. subtilis sequence, we can show that homology persists until a typical terminating run of T residues is reached (see Fig. 5 ). In B. subtilis this run is preceded by a modest hairpin loop (Fig. 6a) , the free energy of which can be calculated by the method of Tinoco et al. (1973) as -17.8 kcal mol-t (-74.5 kJ mol-l). B. licheniformis boasts a far more elaborate series of three hairpin loops (Fig. 6b) , with free energies of -13.4, -4.6 and -18 kcal mol-l (-56.1, -19.2 and -75.3 kJ mol-l). We find it surprising that the two species differ so markedly; but we presume that, in each, the hairpin loop(s) followed by the run of T residues could function as a rho-independent terminator.
A few dozen nucleotides further on, we have sequenced what is clearly the beginning of the B. lichenformis spoVA region; we shall report on this later.
